The N-terminal transit peptides of nuclear-encoded plastid proteins are necessary and sufficient for their import into plastids, but the information encoded by these transit peptides remains elusive, as they have a high sequence diversity and lack consensus sequences or common sequence motifs. Here, we investigated the sequence information contained in transit peptides. Hierarchical clustering on transit peptides of 208 plastid proteins showed that the transit peptide sequences are grouped to multiple sequence subgroups. We selected representative proteins from seven of these multiple subgroups and confirmed that their transit peptide sequences are highly dissimilar. Protein import experiments revealed that each protein contained transit peptide-specific sequence motifs critical for protein import into chloroplasts. Bioinformatics analysis identified sequence motifs that were conserved among members of the identified subgroups. The sequence motifs identified by the two independent approaches were nearly identical or significantly overlapped. Furthermore, the accuracy of predicting a chloroplast protein was greatly increased by grouping the transit peptides into multiple sequence subgroups. Based on these data, we propose that the transit peptides are composed of multiple sequence subgroups that contain distinctive sequence motifs for chloroplast targeting.
INTRODUCTION
Nuclear-encoded plastid proteins contain N-terminal transit peptide sequences with all the information necessary for their import into plastids (von Heijne et al., 1989; Bruce, 2000; Emanuelsson and von Heijne, 2001; Schein et al., 2001; Zhang and Glaser, 2002; Kessler and Schnell, 2004; Schleiff and Soll, 2005) . The acquisition of transit peptides by plastid proteins is one of the most critical events in plastid evolution (McFadden, 1999) , making the transit peptide's evolutionary origin of significant interest. Various studies have probed how transit peptides may have evolved during plastid endosymbiosis and have proposed that plastid proteins acquire N-terminal transit peptides via exon shuffling, alternative splicing, or gene duplication (Gantt et al., 1991; Arimura et al., 1999; McFadden, 1999) . The origin of the transit peptide has also been linked to the origin of the import channel (Reumann et al., 1999) . Despite extensive research on the topic, the evolutionary origin of the transit peptide and how it became linked to nuclear-encoded plastid proteins remain refractory to investigation.
Another important question is the nature of the information encoded by the transit peptide. This question has been addressed by many different approaches (von Heijne et al., 1989; Rensink et al., 1998; Wienk et al., 1999) . One approach is to dissect the sequence information encoded by transit peptides and elucidate how this information affects plastid protein delivery into chloroplasts. Such sequence information can be determined by identifying the sequence motifs or domains involved in interactions with import factors, such as import receptors, heat shock proteins, and guidance proteins, that play critical roles in different steps of the import process. Such analysis has shown that transit peptides are composed of multiple domains (Rensink et al., 1998; Gutensohn et al., 2000; Rial et al., 2000; Hinnah et al., 2002; Jarvis and Soll, 2002; Becker et al., 2004; Kessler and Schnell, 2004; Smith et al., 2004) . Recently, Lee et al. (2006) demonstrated that the small subunit of the ribulose-1,5-bis-phosphate carboxylase/oxygenase complex (RbcS) contains multiple sequence motifs that play important roles in various steps of protein translocation through the plastid envelope membrane.
Another approach used to address the information carried by transit peptides is to biochemically study the transit peptide structure. Transit peptides are largely unstructured in aqueous solution (Wienk et al., 1999) . However, in aqueous solutions containing detergent micelles or in membrane mimetic solutions such as trifluoroethane, transit peptides form a-helical structures (Wienk et al., 1999 (Wienk et al., , 2000 . These results suggest that transit peptides form helical structures during their association with membranes, such as chloroplast envelope membranes. In addition, bioinformatics has been used to analyze the amino acid sequences of all known transit peptides (the transit peptidome) in several studies, which revealed that there is a high preference for hydroxylated amino acids (i.e., Ser, Thr, and Pro) and a lack of acidic amino acids in the transit peptidome, and a high degree of hydrophobicity at the transit peptide N terminus (von Heijne et al., 1989; Zhang and Glaser, 2002; Bhushan et al., 2006) . However, results obtained from a few prototypical transit peptides do not generally extend to other transit peptides in the transit peptidome, and the identification of transit peptide functional sequences remains elusive.
Here, we analyzed transit peptide sequences in detail by two different approaches, in vivo protein import experiments using Ala substitution mutants and a bioinformatics-based prediction approach. These combined approaches provide evidence that transit peptides can be grouped into multiple subgroups with distinct sequence motifs.
RESULTS

The Transit Peptidome Is Composed of Highly Diverse Sequences
Early attempts to identify transit peptide homology blocks from the transit peptidome failed, due to the high degree of sequence variability among transit peptides (Emanuelsson et al., 1999; Bruce, 2000; Schein et al., 2001 ). One possibility is that this failure arises from a lack of identified sequence motifs that could be used to define consensus sequences or common sequence motifs. We recently identified sequence motifs from the RbcS transit peptide (Lee et al., 2006) . We attempted to define any common sequence motifs from the transit peptidome. Similar to previous studies, we were unable to identify any consensus sequences within the transit peptidome. Instead, transit peptides from only a small number of proteins contained identical or similar sequence motifs to those of RbcS. These results, together with the high sequence variability of plastid transit peptides, raise the possibility that the transit peptidome does not contain any consensus sequence motifs, but rather, different transit peptides contain distinct sequence motifs.
To test this hypothesis, we performed a hierarchical clustering on the transit peptidome of Arabidopsis thaliana, which consisted of 208 plastid proteins that have been experimentally confirmed as chloroplast proteins (see Methods). The hierarchical clustering yielded a dendrogram showing that the transit peptide sequences are highly dissimilar (see Supplemental Figure 1 online) . We chose seven proteins from this dendrogram whose transit peptide sequences were highly different from each other: RbcS, chlorophyll a/b binding protein (Cab), biotin carboxyl carrier protein (BCCP), protochlorophyllide oxidoreductase A (PORA), DnaJ-J8, tocopherol cyclase (TOCC), and ferredoxin-dependent glutamate synthase 2 (GLU2). When these transit peptides were compared, they displayed highly diverse amino acid sequences ( Figure 1A ). Their low sequence identity and insignificant P values of the global alignment scores when aligned with each other ( Figure 1B ) suggested that these transit peptides are markedly distant from each other at the amino acid sequence level.
Transit Peptides of the Representative Proteins Contain Highly Specific Sequence Motifs
To examine the significance of the identified sequence diversity with respect to protein import into chloroplasts, we generated the reporter proteins Cab:GFP, BCCP:GFP, DnaJ-J8:GFP, PORA: GFP, GLU2:GFP, and TOCC:GFP, by fusing the N-terminal regions (67 or 80 amino acids) of Cab, BCCP, DnaJ-J8, PORA, GLU2, and TOCC to green fluorescent protein (GFP), respectively. The N-terminal regions used for the construction of GFP reporter proteins included the processing site predicted by ChloroP plus its downstream 8 to 34-amino acid region ( Figure  1A ). Fluorescence microscopy revealed that these reporter proteins were targeted to chloroplasts ( Figure 1C ), as was previously observed for RbcS-nt:GFP (Hand et al., 1989; Reinbothe et al., 1995; Kohler et al., 1997; Lee et al., 2006) . To confirm the import of these reporter proteins into chloroplasts, protein extracts from the transformed protoplasts were analyzed by protein gel blotting using an anti-GFP antibody. In all six transit peptides, >95% of the reporter proteins were proteolytically processed, resulting in the production of smaller protein species. The processed forms copurified with chloroplasts ( Figure 1D ), confirming that the N-terminal regions of the six proteins were sufficient to function as transit peptides for targeting proteins to chloroplasts.
We next determined the approximate processing site in these transit peptides. We initially employed the prediction algorithm ChloroP to predict the cleavage sites in the transit peptides. The predicted cleavage sites were located between amino acid positions 54 to 55, 35 to 36, 46 to 47, 61 to 62, 53 to 54, 72 to 73, and 47 to 48 in RbcS, Cab, DnaJ-J8, BCCP, PORA, GLU2, and TOCC transit peptides, respectively (arrowheads, Figure 1A , arrowheads). It was previously shown that processing of the RbcS transit peptide occurs at the cleavage site predicted here (Clark and Lamppa, 1991) . For DnaJ-J8, BCCP, PORA, GLU2, and TOCC, the apparent sizes of the processed forms agreed with those predicted by ChloroP.
To confirm that processing occurred at the predicted cleavage sites, we generated transit peptide deletion mutants lacking the N-terminal region upstream of the cleavage site. In contrast with the other transit peptides, the processed form of Cab reporter proteins migrated faster than the predicted one. Thus, based on the apparent size of the Cab processed form, we generated a deletion mutant that lacked 55 amino acids from the N-terminal region ( Figure 1A , arrow). These six deletion constructs were then translated in vitro and separated along with their corresponding processed forms on SDS-polyacrylamide gels. The deletion mutants of DnaJ-J8, BCCP, PORA, GLU2, and TOCC migrated to the same positions as their corresponding processed forms ( Figure 1E ), indicating that the cleavage occurred at or near the predicted amino acid positions. By contrast, the processed form of Cab reporter proteins in protoplasts migrated slightly faster than the in vitro-translated deletion mutant, indicating that processing occurred further downstream of the site used to generate the Cab deletion mutant. Thus, this processing likely occurred at a position in the underlined region ( Figure 1A) .
We next identified sequence motifs in individual transit peptides, beginning with the Cab transit peptide. The Cab transit peptide was divided into 10-amino acid segments (T1 to T6), and the segments were replaced one at a time with Ala residues to generate single-T mutants (Figure 2A ) as described previously (Lee et al., 2006) . GFP constructs with N-terminal mutant transit peptides were introduced into protoplasts, and GFP import into the chloroplasts was examined by fluorescence microscopy. For all of the proteins tested, the T1A mutants showed undetectably low expression levels and are discussed separately below. The mutants, Cab[T2A]:GFP, and Cab[T6A]:GFP displayed a GFP pattern similar to that of Cab:GFP ( Figure 2B , panels b and f), indicating that the Ala substitution in T2 and T6 did not affect the ability of the Cab transit peptide to target a protein to chloroplasts. By contrast, Cab[T3A]:GFP and Cab[T5A]:GFP showed strong GFP signals in the cytosol ( Figure 2B , panels c and e), indicating that these proteins were not imported into chloroplasts.
Since Cab[T4A]:GFP did not display any detectable GFP signal, protoplasts transformed with Cab[T4A]:GFP were immunostained with an anti-GFP antibody( Figure 2B, panel d) . Strong signals were detected as a ring pattern, reminiscent of localization to the envelope membrane as previously seen for some mutants of the RbcS transit peptide (Lee et al., 2006) , indicating that Cab[T4A]:GFP was not imported into chloroplasts, but rather was trapped at the envelope membrane in a unfolded form. These results demonstrate that the T3, T4, and T5 segments contain important sequence motifs. To confirm this, protein extracts were prepared from transformed protoplasts and analyzed by protein gel blotting using an anti-GFP antibody Kim et al., 2001) . Consistent with image analyses, T3A, T4A, and T5A displayed severe defects in protein import into chloroplasts. The majority of T3A:GFP and T5A:GFP accumulated in precursor forms, whereas T4A:GFP generated intermediates with no processed form ( Figure 2B , panels i to k). These results indicate that the Cab transit peptide segments T3, T4, and T5 contain sequence motifs critical for the import process.
To further delineate sequence motifs in these regions, the first or second half of each T segment was restored to wild-type sequence in the background of T3A, T4A, or T5A. Restoration of the amino acids KSKF in T3A completely rescued chloroplast import ( Figure 2C , panels a and d), and restoration of the sequences PLPN or GNVGR in T4A almost completely rescued the targeting efficiency to wild-type levels ( Figure 2C , panels b, e, and h). Restoration of the sequence IRMAA in T5A also restored targeting efficiency to >90% of that of the wild type ( Figure 2C , panels c and f). Together, these results strongly suggest that the sequence motifs KSKF (T3), PNPL (T4), GNVGR (T4), and IRMAA (T5) are critical for protein import into chloroplasts and that the two halves of the T4 segment are functionally redundant. These sequence motifs are different from those in the RbcS transit peptide (Lee et al., 2006) .
A similar approach was employed to identify DnaJ-J8 transit peptide sequence motifs. Protoplasts transformed with single-T mutants were directly observed with fluorescence microscopy. Except for DnaJ-J8[T6A]:GFP, which produced a staining pattern similar to that of the wild type, all the single T-mutants displayed strong GFP signals in the cytoplasm. These results suggest that critical sequence motifs are dispersed throughout the T2 to T5 segments of the DnaJ-J8 transit peptide ( Figure 3B ). To confirm this, protein extracts from transformed protoplasts were analyzed by protein gel blotting using an anti-GFP antibody. The mutants produced varying amounts of precursors. Consistent with the image analysis, all of the single-T mutants, except T6A, were severely handicapped in delivering proteins to chloroplasts. T2A, T3A, T4A, and T5A import efficiencies were <5 to 10% that of the wild type ( Figure 3B , panel f). The T2A:GFP and T4A:GFP proteolytic products ( Figure 3B , asterisks) migrated slightly faster than the mature processed wild-type form.
To test whether the processed forms of T2A:GFP and T4A:GFP were also imported into chloroplasts, intact chloroplasts were purified from gently lysed protoplast extracts on a Percoll gradient and analyzed by protein gel blotting using an anti-GFP antibody. Processed T2A:GFP and T4A:GFP forms copurified with chloroplasts, suggesting that they had been imported (see Supplemental Figure 2A online). In addition, the upper bands of T2A:GFP and T4A:GFP migrated slightly faster than their wildtype precursors. To verify that the upper bands of these mutants represented precursors and not proteolytic products, they were translated in vitro using wheat germ extract, and their motilities were compared with those produced in protoplasts. The migration patterns of the in vitro-translated mutant proteins were (A) The amino acid sequences and the cleavage site predictions. The first 80 residues of RbcS, BCCP, Cab, DnaJ-J8, PORA, TOCC, and GLU2 are shown. The transit peptides of seven representative proteins were analyzed by the ChloroP algorithm to predict the cleavage sites, which are indicated by arrowheads. Underlining in the Cab transit peptide indicates a region where actual processing may occur. (B) Sequence identity and corresponding P values for seven representative transit peptides. Sequence identity was calculated with the NeedlemanWunsch algorithm after aligning two sequences. The gap open and extension penalty was 5, and the substitution matrix was BLOSUM 50. Statistical significance of the global alignment scores was assessed by calculating P values, where scores of the alignments to 10,000 randomly permuted sequences were approximated by Gaussian distribution. (C) GFP reporter protein localization in protoplasts. Protoplasts were transformed with the GFP construct indicated, and GFP localization was examined by fluorescence microscopy. Bars ¼ 20 mm. (D) Protein gel blot analysis of the reporter protein. Protoplasts were transformed with the GFP construct indicated together with red fluorescent protein (RFP), which was used as a control for soluble protein contamination in the purified chloroplast fraction. Intact chloroplasts were purified from transformed protoplast lysates by Percoll gradient and were analyzed by protein gel blots using anti-GFP and anti-RFP antibodies. Total protoplast extracts were included in the analysis. Immunoblots were stained with Coomassie blue, and the large subunit of the ribulose-1,5-bis-phosphate carboxylase/oxygenase complex (RbcL) was used as a loading control. Pre, precursor forms; Pro, processed mature form; T, total extracts; CH, purified chloroplasts. (E) Confirmation of predicted cleavage sites. Based on prediction and the apparent sizes of processed reporter proteins, we prepared transit peptide deletion mutants lacking the N-terminal region (black in [A]). For Cab, the processed Cab:GFP apparent size was much smaller than that predicted. We therefore estimated the cleavage site based on apparent size. For in vitro translation, an ATG initiation codon was added to the PCR products' N terminus, and the deletion mutants were translated using wheat germ extracts. In vitro-translated products and processed forms were separated together. P, protoplast extracts; T, in vitro translation.
identical to their corresponding protoplast forms, indicating that the size differences in the single-T mutant precursors were likely due to Ala substitution (see Supplemental Figure 3A online). These results indicate that T2, T3, T4, and T5 of the DnaJ-J8 transit peptide contain sequence motifs critical for protein import.
DnaJ-J8 sequence motifs were further delineated into half-T regions ( Figure 3A ). In T2A, restoration of either the first or second half of T2 improved targeting efficiency to the wild-type level ( Figure 3C , panels a and e). Restoration of SSSSS in T3A rescued targeting efficiency to >90% of that of the wild type ( Figure 3C , panels b and f). Restoration of either the first or second half of T4 or T5 was sufficient to rescue T4A and T5A import efficiencies to >90% of that of the wild type ( Figure 3C , panels c, d, g, and h). These results indicate that SSSSS (T3), NSRRK (T4), NTKML (T4), NRSKV (T5), and VCSSS (T5) are critical sequence motifs for protein import and that GFSGL and PGSSF of T2 also play an additional role in import. The results also strongly suggest that GFSGL and PGSSF in T2, NSRRK and NTKML in T4, and NRSKV and VCSSS in T5 are functionally redundant to each other.
It has been shown that there is a high preference for hydroxylated amino acids, such as Ser, Thr, and Pro, in the transit peptidome (von Heijne et al., 1989; Zhang and Glaser, 2002; Bhushan et al., 2006) . Interestingly, the T3 sequence motif of DnaJ-J8 consists only of Ser residues, and T5 contains three Ser residues out of its 5-amino acid residues. This result may contribute to the idea that Ser is abundant in the transit peptide (Zhang and Glaser, 2002) .
Sets of single-and double-T mutants were also generated for the BCCP transit peptide. These mutants were transformed into protoplasts, and GFP staining patterns were observed directly with fluorescence microscopy. Of the single-T mutants, only T3A:GFP and T4A:GFP displayed weak GFP signals in the cytoplasm together with strong GFP signals in chloroplasts ( Figure 4B , panels c and d), indicating that the import efficiency of each of the single-T mutants was comparable to the wild type. To confirm these findings, protein extracts from transformed protoplasts were analyzed by protein gel blotting using an anti-GFP antibody. Consistent with the image analysis of single-T mutants, only T3A and T4A displayed minor defects in protein import ( Figure 4B , panels j and k). T3A and T4A import efficiencies were quantified at three different time points. During these periods, T3A targeting efficiency increased from 65 to 78%, and T4A targeting efficiency increased from 83 to 90% ( Figure 4E , panels a and b). These results strongly suggest a high degree of redundancy in the sequence motifs of the BCCP transit peptide.
A small proportion of an intermediate form of T6A was detected, suggesting that T6A may have a minor defect in crossing the envelope membrane ( Figure 4B, panel m) . Of the double-T mutants ( Figure 4C ), T35A, T36A, and T46A displayed severe import defects ( Figure 4D , panels a to c, h, i, and k). In particular, their targeting efficiencies were reduced to 38, 43, and 27%, respectively, at 8 h after transformation ( Figure 4E , panels c to e). Their targeting efficiencies gradually increased to 65 to 75% with time. These results indicate that the T3, T4, T5, and T6 segments of BCCP contained critical sequence motifs and that sequence motifs in between T3 and T5 or T6, and between T4 and T6 were functionally redundant.
T segments in the double-T mutants were divided into 5-amino acid regions, and each region was restored in the background of double-T mutants ( Figure 5A ). Of the four T35A restoration mutants, T35AþFPIQN and T35AþAKPKL displayed targeting efficiencies similar to T5A and T3A, respectively ( Figure 5B , panels a, d, g, and h), indicating that FPIQN (T3) and AKPKL (T5) are critical for protein import. Of the four T36A restoration mutants, T36AþFPIQN and T36AþPSRSS import efficiencies were similar to those of T6A and T3A, respectively, while the T36AþYPVVK import efficiency was similar to that of T3A ( Figure 5B , panels b, e, i, and j). These results indicated that FPIQN (T3), PSRSS (T6), and YPVVK (T6) are critical for protein import. Of the four T46A restoration mutants, T46AþRSRRV and T46AþSFRLS import efficiencies were ;90% of that of the wild-type peptide, while the T46AþYPVVK targeting efficiency was similar to that of T4A, indicating that RSRRV (T4), SFRLS (T4), and YPVVK (T6) are critical for protein import and that at least one of them is required for efficient targeting to chloroplasts ( Figure 5B , panels c, f, k, and l). These results also suggest that the sequence motifs of the BCCP transit peptide have a high degree of functional redundancy.
Sequence motifs in the PORA transit peptide were defined using a similar approach. Of the single-T mutants, T5A:GFP produced strong GFP signals in the cytoplasm with almost no signal in chloroplasts ( Figure 6B, panel d) . GFP signals in T2A:GFP, T3A:GFP, and T6A:GFP were primarily detected in the chloroplasts, with weak signals in the cytoplasm ( Figure 6B , panels a, b, and e). Targeting efficiency was determined by protein gel blot analysis using an anti-GFP antibody. The targeting efficiency of T5A was <5% of that of the wild-type transit peptide, whereas T2A, T3A, and T6A retained 40 to 60% of the wild-type targeting efficiency ( Figure 6B , panel f). The proteolytic products ( Figure 6B , asterisks) of T2A, T4A, and T6A migrated slightly faster than the processed form of the wild type.
We examined whether these protein species were also imported into chloroplasts. Chloroplasts were purified from gently lysed protoplast extracts and analyzed by protein gel blotting using an anti-GFP antibody. The proteolytic proteins copurified with chloroplasts, suggesting that they were imported into chloroplasts (see Supplemental Figure 2B online). In addition, as observed with DnaJ-J8, the upper bands of the T2A, T4A, and T6A mutants migrated faster than the wild type ( Figure 6B , panel f). To verify that this was also due to Ala substitution, these mutants were translated in vitro using wheat germ extract and their motilities were compared with those expressed in protoplasts. The in vitro-translated proteins produced identical migration patterns to those expressed in protoplasts, confirming that the upper migrating protein species were mutant precursors (see Supplemental Figure 3B online).
In the single-T mutants, the first or second half regions of the T segments were restored ( Figure 6A ). T2AþSAFSV, T3AþSSSFK, and T6AþSLRCK displayed targeting efficiencies similar to the wild type ( Figure 6C , panels a, b, d to f, and h). Restoration of either the first or second half of T5A was equally effective in restoring targeting efficiency to about the wild-type level ( Figure  6C , panels c and g). Together, these results suggest that SAFSV (T2), SSSFK (T3), EQSKA (T5), DFVSS (T5), and SLRCK (T6) of the PORA transit peptide are critical sequence motifs for protein import. Furthermore, EQSKA and DFVSS of T5 may be functionally redundant.
To define sequence motifs in the GLU2 transit peptide, we generated single T Ala substitution mutants ( Figure 7A ). Of the single-T mutants, T3A:GFP and T5A:GFP produced strong GFP signals in the cytoplasm in addition to the chloroplasts ( Figure  7B , panels b and d). GFP signals in T2A:GFP, T4A:GFP, and T6A:GFP were primarily detected in the chloroplasts ( Figure 7B , panels a, c, and e). Targeting efficiency was determined by protein gel blot analysis using an anti-GFP antibody. The targeting efficiency of T3A and T5A was ;50% that of the wild-type transit peptide. In addition, T4A also produced ;20% of precursor, whereas T2A and T6A were targeted as efficiently as the wild type ( Figure 7B, panel f) . These results indicated that T3 and T5 contain critical sequence motifs and the motif in T4 may play a minor role in import into the chloroplast.
In T3A, T4A, and T5A mutants, the first or second half regions of the T segments were restored ( Figure 7A ). In these mutants, restoration of either the first or second half region was equally effective in restoring the targeting efficiency to approximately wild-type levels ( Figure 7C, panels a to g ). Together, these results suggest that SAKLS (T3), STKTI (T3), ISKGT (T5), and KRRNE (T5) of GLU2 are critical sequence motifs for protein import. In addition, FSVDF (T4) and VRSYC (T4) also play a role in protein import. Finally, the lack of a sequence motif in T2 and T6 was confirmed by the T26A mutant ( Figure 7C, panels d and h) .
Finally, to define sequence motifs in the TOCC transit peptide initially, single T Ala substitution mutants were used in protein import experiments ( Figure 8A ). Of the single-T mutants, T3A:GFP, T4A:GFP, and T5A:GFP produced strong GFP signals in the cytoplasm in addition to the chloroplasts ( Figure 8B , panels b to d), whereas GFP signals of T2A:GFP and T6A:GFP were primarily detected in the chloroplasts ( Figure 8B , panels a and e). Targeting efficiency was determined by protein gel blot analysis using an anti-GFP antibody. The targeting efficiency of T3A, T4A, and T5A was ;60, 40, and 85% that of the wild-type transit peptide, respectively, indicating that the sequence motif in T4 is most critical in protein import into the chloroplasts. By contrast, T2A and T6A were targeted as efficiently as the wild type ( Figure  8B , panel f). These results indicated that T3 and T4 contain critical sequence motifs and that the motif in T5 may play a minor role in import into the chloroplast.
In T3A, T4A, and T5A mutants, the first or second half regions of the T segments were restored ( Figure 8A ). In the T3A mutant, restoration of either the first or second half region restored the targeting efficiency >90% that of the wild-type level ( Figure 8C , panel d). In the cases of T4A and T5A mutants, restoration of the first half region restored the targeting efficiency to >95% that of the wild type ( Figure 8C , panels e and f). Together, these results suggest that RPVSP (T3), LTRSL (T3), VPFRS (T4), and RSISR (T5) of TOCC are critical sequence motifs for protein import.
The Hydrophobic Domain of Some T1 Regions Plays a Role in the Efficient Targeting of Proteins to Chloroplasts
For all of the fusions characterized above, T1A:GFP (containing Ala substitutions from the second to 10th amino acid positions) was always expressed at undetectable levels, discussed below. Hydrophobic amino acid residues in the T1 segment are critical for protein import into chloroplasts (Emanuelsson et al., 1999; Lee et al., 2006) . Therefore, we generated point mutants by replacing two or three hydrophobic amino acid residues in T1 with Ala residues ( Figure 9A Figure 9B, panels b, c, and f) , suggesting that other motifs in the transit peptide of these proteins may compensate for the loss of these hydrophobic residues.
Sequence Motif Prediction of Plastid Transit Peptides
We also asked whether the sequence motifs of these seven highly dissimilar transit peptides could be predicted by sequence information alone. We developed a motif discovery algorithm to identify a set of motif segments discriminating between plastid and nonplastid proteins (see Supplemental Methods online). Because we hypothesize that plastid transit sequences comprise multiple subgroups with distinct sequence motifs, this algorithm attempts to find sequence motifs that occur more frequently in a subgroup of plastid transit sequences compared with the N termini of nonplastid proteins. Using this motif discovery algorithm, we tested whether we could find sequence motifs from transit peptides. We used 208 Arabidopsis plastid proteins that have been experimentally shown to localize to the plastid. The list of these 208 plastid proteins with their predicted sequence motifs is available in Supplemental Data Set 1 online. From these data, we used the previously identified seven highly dissimilar transit peptides and compared their sequence motifs obtained by the motif discovery algorithm with those obtained by our import experiments above. The sequence motifs identified by the two independent approaches were nearly identical or significantly overlapping ( Figure 10A ). We calculated P values to evaluate the overlap between the experimentally determined motifs and the predicted ones and found that all of the predictions were statistically significant (P < 0.1) except RbcS and GLU2, suggesting that our algorithm adequately captured the sequence features of plastid transit peptides ( Figure 10B ). In addition, these results raised the possibility that the sequence motifs identified by transit peptide functional analysis are conserved among members of the subgroups characterized by these sequence motifs.
In the analysis, we initially used the first 80 amino acid residues of each transit protein in our motif discovery algorithm. It was therefore likely that some sequences include residues from mature proteins. To exclude this possibility, we performed motif prediction again, using only amino acid residues from the N terminus to the ChloroP-predicted cleavage site. This caused the performance of (E) Quantification of import efficiency. Protein extracts prepared from protoplasts transformed with the constructs indicated at the time points indicated were analyzed by protein gel blotting using an anti-GFP antibody. The intensity of the precursors and processed forms was measured using image processing software connected to LAS3000 (Fuji Photo Film). The intensity was obtained at various exposure times to obtain a linear range of signal intensity. For import efficiency, the intensity of processed forms was divided by the sum of the intensities of the precursors and processed forms. our prediction algorithm to degrade significantly, with poor alignment (insignificant P values) between the experimentally determined and predicted motifs (see Supplemental Figure 4 
online).
One possible explanation for our failure to predict sequence motifs in this manner is that the analyzed sequences may not have been sufficiently long to reliably produce any conserved sequence motifs. In the cases of ChloroP and TargetP, 100-amino acid residues of the N-terminal regions were used for reliable transit peptide predictions (Emanuelsson et al., 1999 (Emanuelsson et al., , 2000 . This suggests that the transit peptide region downstream of the potential cleavage site may also include information necessary for chloroplast targeting. Consistent with this, critical sequence motifs in the RbcS transit peptide are found in the region downstream of the cleavage site and the mature portion increases targeting efficiency (Comai et al., 1988; Lee et al., 2006) .
To further confirm this possibility, we generated new reporter constructs by fusing GFP to the N-terminal upstream regions of the predicted cleavage sites from Cab, BCCP, PORA, and DnaJ-J8 (see Supplemental Figure 5A online). These GFP reporter constructs, Cab-cs:GFP, BCCP-cs:GFP, DnaJ-J8-cs:GFP, and PORA-cs:GFP, were introduced into protoplasts and examined for their targeting to chloroplasts by imaging and protein gel blot analyses. BCCP-cs:GFP produced primarily processed forms with a minor portion of precursors. Its ratio of processed forms to precursors was nearly identical to that of BCCP-nt:GFP (see Supplemental Figure 5C online), indicating that the N-terminal portion upstream of the cleavage site is sufficient for targeting. By contrast, for other constructs, the precursor levels were greatly increased compared with their respective full-length transit peptides with levels equal to or greater than those of processed forms. In particular, PORA-cs:GFP primarily produced precursors and only a small amount of processed forms. These results demonstrate that in the case of the four transit peptides analyzed here, the upstream regions of the cleavage site are not sufficient for efficient protein import into chloroplasts. This is consistent with the observation that the downstream region of the cleavage site also contains important sequence motifs (Comai et al., 1988; Lee et al., 2006) .
To confirm that the processed forms were imported into chloroplasts, we purified chloroplasts from gently lysed protoplast extracts by Percoll gradient and analyzed the chloroplast fractions by protein gel blotting analysis using an anti-GFP antibody. The processed forms but not the precursors were detected in the chloroplast fractions (see Supplemental Figure  5D online), strongly suggesting that in most transit peptides the region downstream of the cleavage site is necessary for efficient protein import into chloroplasts.
We next examined the 208 transit peptides to determine whether the experimentally identified sequence motifs were also present in other transit peptides. A transit peptide was assumed to have a particular sequence motif and was assigned to the corresponding sequence group if the P value of our proposed alignment score with dual gap penalties between the transit peptide and sequence motifs was lower than a specified cutoff value (a ¼ 0.01 or 0.05) (see Supplemental Methods online). Of the 208 transit peptides, 48 (23.1%, a ¼ 0.01) were assigned to at least one of the RbcS, Cab, BCCP, DnaJ-J8, PORA, TOCC, and GLU2 sequence groups ( Figure 10C ). The RbcS sequence subgroup had the most members (22 transit peptides), while the TOCC sequence subgroup had the least (two transit peptides). When the cutoff P value was set at 0.05, the number of transit peptides increased in all seven groups, with 107 (51.4%) being assigned to at least one and with the number of members in the DnaJ-J8 sequence group increasing the most (from eight transit peptides to 30). These results supported our hypothesis that the transit peptidome is composed of multiple subgroups with distinct sequence motifs. The predicted transit peptide sequences of the seven groups and their P values (a ¼ 0.05) and motif alignments are available in Supplemental Data Set 2 online. We found that approximately half of the 208 transit peptides could be assigned into one of the seven subgroups; however, a large number of transit peptides were still unassigned to any of the subgroups. These results again confirmed our initial hypothesis that the transit peptide sequences are highly dissimilar, indicating that there are more transit peptide groups yet to be discovered.
Sequence Motif-Based Approach Increases the Accuracy of Chloroplast Transit Peptide Prediction
We were interested in whether the sequence motifs predicted by our motif discovery algorithm could be used to improve prediction of plastid transit peptides. Previously, we reported several methods for extracting the desired features of protein sequences and predicted the subcellular localization of eukaryotic proteins with an empirical kernel map using the scores of pairwise alignments (Kim et al., 2006a (Kim et al., , 2006b . We employed a similar approach to predict plastid transit peptides but explicitly incorporated sequence motifs into our prediction model (see Methods).
The prediction power of our method (MultiP) was compared with four other methods, including ChloroP (Emanuelsson et al., (B) Significance of the overlap between motifs characterized in vivo and those predicted by modeling. The P value was calculated under the null hypothesis, which can be modeled with the hypergeometric distribution. It is unlikely that the predicted motifs are unrelated to the motifs characterized in vivo (P value < 0.1).
(C) The percentage of transit peptides classified into one of the seven sequence groups. The percentage of transit peptides classified into one of the seven groups was based on the identification of sequence motifs at two different P values (a ¼ 0.01 and 0.05). The transit peptides not classified into one of the seven groups are represented as ''None.'' 1999), PCLR (Schein et al., 2001) , TargetP (Emanuelsson et al., 2000) , and Predotar (Small et al., 2004) . To obtain an accurate assessment, our method was trained and tested using the same training and test set that were used in each study (see Supplemental Methods online). The resulting three independent comparisons allowed us to remove the effect of the size of training data, which is known to be the main determinant to improved performance (Millar et al., 2006) . Our method showed significantly improved performance compared with ChloroP or PCLR ( Table 1 ). The observed accuracy and Matthew's correlation coefficient (see Supplemental Methods online) were significantly higher than those for ChloroP and PCLR and were largely due to a reduced number of false positives (increased specificity). We then compared our method with TargetP and Predotar trained on large training sets and found that our method also showed a better performance against these methods (Table 1) . Specifically, our method provided both high sensitivity and specificity compared with TargetP and Predotar. Our program is available from the website http://sbi.postech.ac.kr/MultiP/.
DISCUSSION
Here, we demonstrated that the transit peptides of nuclearencoded plastid proteins can be clustered into multiple subgroups that contain subgroup-specific distinctive sequence motifs. These subgroup-specific sequence motifs were identified by two independent approaches. The first approach was based on the results of protoplast protein import experiments, in which we used Ala substitution mutants (Lee et al., 2006) to identify critical sequence motifs for protein import into chloroplasts. The second approach used bioinformatics-based predictions, in which highly conserved sequence motifs were identified among members of each subgroup. These two approaches uncovered nearly identical or significantly overlapping sequence motifs that turned out to be highly subgroup specific. However, we also found that a large number of transit peptides were still unassigned to any of these subgroups. Since our grouping method relied upon sequence alignment with seven arbitrarily selected transit peptides displaying amino acid sequences very different from each other, the selected representative transit peptide for each subgroup may not be the best candidate for clustering. It is also important to note that the highly diverse transit peptidome can be composed of additional subgroups.
These results demonstrate not only that transit peptides contain highly conserved sequence motifs but also that the conserved sequence motifs play critical roles in protein import into chloroplasts. This is in contrast with the current notion that transit peptides do not contain any conserved sequence motifs (Emanuelsson et al., 1999; Bruce, 2000; Schein et al., 2001) . Previous attempts to identify conserved sequence motifs may have been hampered by the fact that these sequences are not characteristic of all transit peptides but are confined to specific subgroups. Therefore, the limited success of previous works in predicting chloroplast transit peptides, characterized by low specificity, can be explained by the lack of knowledge of the existence of multiple transit peptide subgroups (Emanuelsson et al., 1999; Schein et al., 2001) . Specifically, the specificity of our method in predicting chloroplast transit peptides was significantly better than that of ChloroP and PCLR. Furthermore, compared with TargetP and Predotar, our method provided well-balanced sensitivity and specificity by exploiting the fact that the transit peptidome is composed of multiple subgroups with distinctive sequence motifs.
Detailed analysis of these representative transit peptides revealed that they display distinct characteristics. RbcS transit peptides contain a large number of sequence motifs throughout the entire transit peptide region. In addition, these sequence motifs display a high degree of functional redundancy, despite a lack of amino acid sequence similarity (Lee et al., 2006) . Similarly, the BCCP group displayed a high degree of functional redundancy for the sequence motifs; all of the single-T Ala substitution mutants displayed >90% of the wild-type targeting efficiency, and at least two T regions in the transit peptide had to be simultaneously substituted with Ala residues to observe >50% inhibition of chloroplast import. By contrast, Cab, DnaJ-J8, PORA, GLU2, and TOCC transit peptides contained unique sequence motifs, as single-T Ala substitution mutants of these peptides showed severe defects in protein import into chloroplasts. These results raise the possibility that the organization, with respect to redundancy and relative order, of the transit peptide sequence motifs may be different in different peptides. However, it is still not clear if the functional redundancy of sequence motifs in a transit peptide plays a role in determining its targeting efficiency.
In addition, analysis of the amino acid composition of the critical sequence motifs yielded a different picture from that obtained from total transit peptide sequences. It is generally accepted that hydroxylated amino acid residues, such as Ser and Thr, are well represented in transit peptides (Bruce, 2000) . However, except for the sequence motifs in DnaJ-J8, a large number of sequence motifs identified in the representative transit peptides did not display any clear overrepresentation of hydroxylated amino acids. In the case of DnaJ-J8, the four critical sequence motifs contained substantial numbers of Ser residues. In fact, one of the sequence motifs was composed entirely of Ser residues. The exact role of these sequence motifs was not directly addressed in this study. Depending on the individual sequence motif, Ala substitution produced characteristic features in the extent of precursor processing and/or production of intermediate forms, similar to the RbcS transit peptide (Lee et al., 2006) . Thus, it is possible that these sequence motifs are recognized at different steps during the import process by specific protein factors (Bruce, 2000; Jarvis and Soll, 2002; Kessler and Schnell, 2004; Smith et al., 2004) . Another possibility is that certain sequence motifs are necessary to adopt specific structures, such as a-helices, which may be required for association with chloroplast membranes (Wienk et al., 1999 (Wienk et al., , 2000 .
The presence of multiple subgroups in the transit peptidome raises the question of how transit peptides belonging to different subgroups are recognized by import receptors. One possibility is that there exist multiple types of import receptors. This hypothesis is supported by results showing that the import receptors Toc159 and Toc33 are responsible for the import of photosynthetic proteins, whereas other receptors, such as Toc132 and Toc34, are needed for the import of nonphotosynthetic ones (Bé dard and Jarvis, 2005) . However, this explanation is not entirely satisfactory, as two transit peptides of Cab and RbcS, which are both involved in photosynthesis, belong to different subgroups. Alternatively, import receptors such as Toc159 might be able to recognize more than one sequence group. For instance, Sec24, a component of COPII vesicles that is involved in cargo recognition during anterograde trafficking from the endoplasmic reticulum to the Golgi complex, can accommodate more than one type of cargo through its multiple cargo binding sites for different endoplasmic reticulum exit signals (Miller et al., 2003) . Additional experiments will be necessary to confirm this hypothesis.
METHODS
Growth of Plants
Arabidopsis thaliana (Columbia ecotype) was grown in soil at 20 to 258C in a greenhouse with a 16 h/8 h light/dark cycle or on Murashige and Skoog plates in a growth chamber at 208C. Leaf tissues were harvested from 2-week-old plants and used immediately for protoplast isolation.
PCR-Based Mutagenesis and Plasmid Construction
The Ala substitution mutant constructs, including the single-T and double-T mutants, were generated using standard molecular cloning techniques as described previously (Lee et al., 2006) . The primer sequences used to prepare the constructs are shown in Supplemental Table 1 online.
Transient Expression in Protoplasts
The plasmids used in protoplast transformations were purified using Qiagen columns according to the manufacturer's protocol. DNA was introduced into Arabidopsis protoplasts prepared from leaf tissues by polyethylene glycol-mediated transformation .
Images were obtained using a cooled CCD camera and a Zeiss Axioplan fluorescence microscope. The filter sets used were XF116 (exciter, 474AF20; dichroic, 500DRLP; emitter, 510AF23) and XF33/E (exciter, 535DF35; dichroic, 570DRLP; emitter, 605DF50) (Omega) for GFP/FITC and RFP/TRITC, respectively. The data were processed using Adobe Photoshop software, and the images were rendered in pseudocolor.
Protein Gel Blot Analysis and Signal Intensity Quantification
Protein gel blot analysis was performed using protein extracts from transformed protoplasts as described previously Kim et al., 2001) . Briefly, protoplasts were lysed by brief sonication in lysis buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2.0 mM EDTA, and 0.2 mM PMSF) and subjected to centrifugation at 10,000g at 48C for 10 min to remove debris. Proteins in the supernatants were separated by SDS-PAGE. Immunoreactive proteins were visualized using enhanced chemiluminescence (ECL kit; Amersham Pharmacia Biotech), and images were obtained using a LAS3000 image capture system (Fuji Photo Film). The immunoblots were quantified by measuring the intensity of the protein bands with LAS3000 software. Immunoblot images were obtained at different exposure times. Only images whose band intensities were within the linear range between intensity increase and exposure time were selected. For import efficiency, the intensity of processed forms was divided by the sum of the intensities of the precursors and processed forms.
In Vitro Translation in Wheat Germ Extracts
The templates used for in vitro translation were generated by PCR. The forward primer consisted of the T7 promoter, transcription start site, and 18 bases complementary to the 59 region of the template. The reverse primer consisted of 18 bases complementary to the 39 region of the nos terminator. One microgram of PCR product was transcribed and translated using wheat germ extracts (TNT T7 coupled wheat germ extract system; Promega) according to the manufacturer's manual. Five microliters of in vitro-translated proteins were mixed with 25 mL of 13 sample buffer and boiled for 5 min, followed by immunoblotting with an anti-GFP antibody.
Chloroplast Purification
To isolate chloroplasts, protoplasts were gently lysed in ice-cold HMS buffer (330 mM sorbitol, 50 mM HEPEs/KOH, pH 7.6, and 3 mM MgCl 2 ). The lysed mixtures were overlaid onto two silica sol gradients (Percoll) (2 mL of 80% [v/v] Percoll in 330 mM sorbitol, 50 mM HEPES/KOH, pH 7.6; 4 mL of 40% [v/v] Percoll in 330 mM sorbitol, 50 mM HEPES/KOH, pH 7.6) and centrifuged for 5 min at 3000g. After centrifugation, intact chloroplasts were carefully collected, transferred to 10 mL of HMS buffer, and pelleted by centrifugation for 5 min at 3000g. Chloroplast extracts were prepared from the isolated chloroplasts and used for immunoblotting with an anti-GFP antibody.
Global Alignment with Dual Gap Penalties
We developed a novel global alignment algorithm between a protein sequence and sequence motifs that was based on dynamic programming, guaranteeing that the optimal alignment maintained motif block structures. The key concept was to allow dual gap penalties such that a relatively higher gap penalty was given within a motif block than between blocks. We denoted two protein sequences of lengths m and n by a . . b j1 ). Note that j p ¼ n. We then constructed a matrix F 2 R ðmþ1Þ3ðnþ1Þ whose (i, j) element, F(i, j), is the score of the best alignment between a 1:i and b 1:j . Initializing F(1,1) ¼ 0, the matrix F was built up recursively, filled from top left to bottom right, through the following recursion:
where s(a i ,b j ) is the score for the match between a i and b j , and g 1 , g 2 are dual gap penalties such that g 1 > g 2 . For boundary conditions, we defined F(I þ 1,1) ¼ Àig 2 and F(1, j þ 1) ¼ Àjg 2 for the first column and first row of F. We identified a global alignment by tracing the choices that led to the final value of F(m þ 1, n þ 1). In this study, the substitution matrix was BLOSUM 50 and the dual gap penalties g 1 , g 2 were set to 5 and 0, respectively.
Prediction of Sequence Motifs in Plastid Transit Peptides
Discriminative motif discovery takes a query sequence as input and predicts putative sequence motifs. The sequences from plastid transit peptide peptides (positive set) and the N termini of nonplastid proteins (negative set) were used as a training data set (see Supplemental Figure 6 online). Our model was designed to identify an ordered set of sequence motifs that maximally discriminated between the positive and negative sets. The model had two steps: sequentially adding or deleting a motif segment into a motif set. The selection criterion was the upper bound of misclassification error derived from the Bayesian decision theory (Duda et al., 2001 ).
In the forward motif selection step, the model selected each motif segment with a length of five amino acids by scanning the query sequence. It then converted each motif sequence into the three-dimensional feature vector. The first two components of the feature vector were the scores of the global and local alignments between the query sequence and the sequence of the feature vector (Needleman and Wunsch, 1970; Smith and Waterman, 1981) . The third component was the score of a global alignment with dual gap penalties between the chosen motif segment and the sequence of feature vector. All the training data points were then projected into the one-dimensional space using Fisher's linear discriminant. We modeled the class-conditional densities of the projected data using normal distributions and derived the upper bound of the misclassification error. After obtaining error bounds of all possible motif segments, we chose the one with minimum error bound. We continued this forward motif selection until the number of motif segments in the motif set reached a predefined number (6).
Next, the backward motif elimination step deleted unlikely motif segments chosen from forward motif selection. Specifically, motif segments that produced the smallest error bound value were eliminated at each iteration. Iteration was stopped when the smallest value of the error bound was larger than the previous one.
Prediction of Plastid Transit Peptides
Plastid transit peptide prediction had three steps (see Supplemental Figure 7 online). First, a clustering module partitioned the plastid transit peptides in the training data into groups with common sequence motifs. Second, a feature extraction module converted each sequence of the training data into a corresponding feature vector based on the representative sequences chosen from the clustering module. Finally, a classification module learned a support vector machine (SVM) classifier where the input vector was that obtained from the feature extraction module. The learned SVM classifier takes an input sequence and predicts plastid transit peptides.
In the clustering step, we started with a randomly selected plastid transit peptide and predicted its sequence motifs through a model for discriminative motif discovery. We used motif alignment scores to group sequences sharing similar motifs. We assumed that sequences belonged to the same group when the P value of its motif alignment score was below a predefined cutoff (P < 0.001). We then selected another plastid transit peptide with a maximum P value from the positive set where the grouped sequences had been removed. We repeated these processes until the positive set was empty. The output of the clustering module was a set of representative sequences with predicted sequence motifs.
The feature extraction step converted each sequence into a corresponding feature vector with the empirical kernel map technique using alignment scores (Kim et al., 2006b ). The feature vector components were the alignment scores between the input and representative sequences. To further enhance prediction performance, we also randomly selected a set of representative sequences from the negative set of the training data.
In the last step, an SVM classifier learned to predict the binary class label of an input sequence (Cristianini and Shawe-Taylor, 2000) . We used the linear kernel function where the input vector was from the feature extraction module. For testing, the input sequence was first converted into the corresponding feature vector through the empirical kernel map (see Supplemental Methods online).
Preparation of 986 Arabidopsis Protein Sequences
Sequences of all nuclear-encoded proteins of Arabidopsis were downloaded from the SWISS-PROT database, release 51.4 (UniProt Consortium, 2007) , with the exception of Cab, which was retrieved from the GenBank database (Benson et al., 2007) . Chloroplast transit peptides were obtained from literature. Sequences confirmed by the SUBA database (Heazlewood et al., 2005) were also included, where only plastid proteins supported from GFP analysis were considered. Nonchloroplast proteins were extracted by collecting all protein sequences that were experimentally verified in the CC and FT line. All sequences containing ambiguous amino acids, such as B, Z, or X, or with a length of #80 amino acids were excluded. The resulting data set consisted of 208 chloroplast transit peptides and 778 nonchloroplast protein sequences, for a total of 986 protein sequences.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL data libraries under the following accession numbers: AAG40356 (RbcS), 2208465A (BCCP), NP_001078288 (Cab), NP_178207 (DnaJ-J8), NP_200230 (PORA), Q94FY7 (TOCC), and NP_ 181655 (GLU2).
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